Immune function has been studied extensively in the search for treatments for cancer. Malignant tumors are able to escape detection by the immune system, even in immunocompetent hosts. The mechanisms that allow this to occur are not well defined. Studies suggest that the process by which tumor cells grow confers an advantage to clones that are less immunogenic.' Numerous investigations have been conducted to determine factors that enhance immune recognition and destruction of foreign proteins. Factors that affect the immune response include cellular mediators such as cytotoxic T cells and macrophages,'-'' humoral effectors, and cytokines, including tumor necrosis factor-a (TNF-a), interferon, interleukin-2 (IL-2), IL-4, granulocyte colony-stimulating factor (G-CSF), and granulocyte-macrophage colony-stimulating factor (GM-CSF). "-*"
Expression of histocompatibility antigens has also been found to be a critical element in immune recognition and rejection. Measurements of cells isolated from fresh tumors reveal that there is either defective expression or a lack of expression of the class I major histocompatibility (MHC) in a large number of cases. When expression of histocompatibility antigens is induced through the introduction of MHC genes into tumor cell lines, there is a specific cytolytic T cell reaction that causes an increase in the immunogenicity of the cell^.^'-^^ The knowledge gained from immunological studies of tumorigenicity and immune reactivity, although incomplete, has provided some promising new therapies €or the treatment of malignancies. Unique methods have been used to enhance immune reactivity against malignant cells. These include treating tumor cells directly to increase their immunogenicity, administering systemic immune enhanc-ing or tumor suppressing reagents, and introducing anti-tumor reactive cells. Tumor regression and cell destruction have been demonstrated in studies employing agents such as those described At the University of Michigan, we have developed a novel approach for the treatment of malignancies. In this method, a vector that expresses the class I histocompatibility antigen, HLA-B7, is transferred in uiuo directly into tumor cells using intratumoral injection or catheter delivery. This method differs from previous trials which have used ex uiuo treatment of cells to introduce genes into the host. Direct injection has many advantages over ex viuo treatment. It eliminates the risk of contaminating the in uitro cell cultures, reduces the number of manipulations to the cells, avoids the need to establish a cell line from each tumor, eliminates concerns about alterations of cellular phenotype in culture and can significantly decrease the time between diagnosis and treatment.
Direct injection was initially tested in animal models using both retroviral vectors and DNA/liposome c~m p l e x e s .~~.~~ In a mouse model, p-galactosidase was introduced into tumors using direct injection, in uivo. A cDNA clone encoding the mouse class I MHC, H-2K was also used for these studies. These vectors were transferred into tumors grown in mice. Both types of vectors, retroviral or DNA/liposome complexes encoding allogeneic MHC, were found to signal the immune system to mount a response. Specific cytolytic activity to the antigen was noted. The most important result of these studies, however, was the observation that transfer of the histocompatiblity gene into tumor cells caused a general immune reaction against untransfected autologous tumor. This was demonstrated by a marked regression in tumor growth, and in some cases, complete elimination of the tumor. This response was T-cell mediated, and lysis was inhibited by antibodies to self-MHC, indicating that this treatment induced an immune response to previously unrecognized tumor antigen^.^^.^^ The DNA/liposome complex offered the highest degree of safety and transfection efficiency, and has now been tested against metastatic melanoma in a human phase I clinical trial at the University of Michigan. A second phase I trial which encompasses other types of cancer is ongoing.
In the phase I study that was recently completed, 5 patients with advanced melanoma received the treatment, a complex composed of the DNA vector and
In addition, one patient was treated at a distant site through cathetermediated de1ive1-y.~' The goals of this study were to determine expression of the antigen in the treated cells, identify the presence of an immunological response against the foreign histocompatibility antigen and ascertain the safety of the procedure.
Polymerase chain reaction (PCR) analysis of tissue biopsies that were collected from each patient 3-7 days after treatment demonstrated the expression of HLA-B7 DNA and mRNA in 4 of the 5 treated patients. Protein expression was confirmed in 1-10% of tumor cells surrounding the site of injection in all 5 patients. No toxicities or adverse reactions were observed at any point in the study, and there were no anti-HLA-B7 antibodies. The lack of antibody response to HLA-B7 may result from the absence of class I1 stimulation, required for helper T cells to induce B cell activation. Plasmid DNA was not detected in post-treatment blood samples by PCR analysis.39 This testing indicates that the plasmid was confined to the injected area, and did not enter the blood system. Additional data collected from this study demonstrated an increase in HLA-B7-reactive cytotoxic T lymphocyte (CTL) precursors and an increase in CTLs that were specific for autologous tumor. One patient had complete regression of injected subcutaneous nodules. In addition, several uninjected subcutaneous nodules as well as two pulmonary lesions regressed, suggesting that a systemic response occurred.
A second phase I clinical trial is currently being conducted. This study incorporates an improved vector, a more efficient liposome, two methods of gene delivery (direct intratumoral and catheter), and will be tested on several different types of cancers which have demonstrated their ability to express the gene. A new cationic liposome formulation, 1,2-dimyristyloxypropyl-3-dirnethylhydroxyethyl ammonium bromide (DMRIE)/DOPE, replaced the DC-Choll DOPE that was used in the first clinical trial. DMRIE is an improvement over the DC-Chol because it provides increased transfection efficiency (up to 10-fold higher) and does not aggregate at high concentrations. This second property allows for higher doses of DNA/liposome to be administered without causing toxicity to the host.
The vector was also modified to enhance the expression of the HLA-B7 on the surface of the cell. The structure of the plasmid was altered to improve the overall expression of the histocompatibility antigen. In addition, in order for expression of class I MHC proteins to occur, the genes must associate with p-2 microglobulin inside the cell and be co-transported to the surface. Several types of tumors, particularly melanoma, have a defect in the mechanism that is responsible for the production of endogenous p-2 microglobulin. This defect in cell function prevents the HLA-B7 antigen from being expressed on the cell. To overcome this problem, the modified vector includes the gene for p-2 microglobulin.
During the initial clinical trial, one patient was treated via catheter delivery to a distant site of metastasis without c o m p l i~a t i o n .~~
This second trial will test this method of gene delivery in a controlled setting. A catheter-based approach will allow genes to be delivered to selected sites in the microcirculation of the tumor providing the opportunity for more selective delivery, particularly in cancers other than melanoma. Potential inactivation of the DNAiliposome complex by serum is also reduced when delivered by this method. This will expand the potential utility of the therapy.
The results of these clinical trials will not only provide information regarding the clinical efficacy of this treatment, but will improve our knowledge of tumor immunology. The results of testing in animals and the first clinical trial suggest that the anti-tumor response is T cell dependent and potentially mediated by the more effective presentation of antigens to cytolytic T cells within the tumor mass. It is also postulated that allostimulation may trigger the release of cytokines locally which can augment T cell proliferation and inflammation within the parenchyma of the tumor.
The treatment of human malignancy through the direct injection of recombinant genes is a promising new treatment for cancers which have previously been resistant to current therapies. The ability to stimulate an immune response against autologous tumor by genetically altering cells in uiuo with a minimum of manipulation offers the opportunity of developing an effective treatment that would be widely available to patients. Additionally, the use of a nonviral delivery system for the introduction of the gene reduces the risk that is posed by the use of certain viral vectors and problems of immune response directed against the vector. We are now in the process of developing improved catheters that will allow for more targeted delivery and are testing other genes and combination therapies that will augment the gene therapy treatment.
SUMMARY
Genetic instability within malignant cells gives rise to mutant proteins which can be recognized by the immune system. Recognition of tumor-associated antigens by T lymphocytes could thus contribute to the elimination of neoplastic cells. We have developed a molecular genetic intervention for the treatment of malignancies based upon the knowledge that foreign major histocompatibility complex (MHC) proteins expressed on the cell surface are efficient at stimulating an immune response. Expression of this foreign MHC gene within tumors induced a cytotoxic T cell response to the introduced gene. More importantly, the immune system recognized tumor-specific antigens on unmodified tumor cells as foreign.
Growth of the tumors diminished, and in many cases, there was complete regression. This research provides evidence that direct gene transfer in vivo can induce cell-mediated immunity against specific gene products, and offers the potential for effective immunotherapy for the treatment of cancer and infectious diseases in man. Our laboratory conducted a phase I clinical trial to determine the safety and efficacy of this treatment in humans. These studies suggest that direct gene transfer provides a safe and feasible approach for the treatment of human cancer.
More recent developments using combination gene therapy and the initiation of a second human trial with improvements on this technology have been implemented. Finally, we have begun to define mechanisms of resistance to immune recognition by established malignancies.
